Combustion synthesis of dielectric yttrium oxide and aluminium oxide thin films is possible by introducing a molecular single-source precursor approach employing a newly designed nitro functionalized malonato complex of yttrium (Y-DEM-NO 2 1) as well as defined urea nitrate coordination compounds of yttrium (Y-UN 2) and aluminium (Al-UN 3). All new precursor compounds were extensively characterized by spectroscopic techniques (NMR/IR) as well as by single-crystal structure analysis for both urea nitrate coordination compounds. The thermal decomposition of the precursors 1-3 was studied by means of differential scanning calorimetry (DSC) and thermogravimetry coupled with mass spectrometry and infrared spectroscopy (TG-MS/IR). As a result, a controlled thermal conversion of the precursors into dielectric thin films could be achieved. These oxidic thin films integrated within capacitor devices are exhibiting excellent dielectric behaviour in the temperature range between 250 and 350 C, with areal capacity values up to 250 nF cm À2 , leakage current densities below 1.0 Â 10 À9 A cm À2 (at 1 MV cm À1 ) and breakdown voltages above 2 MV cm À1 . Thereby the increase in performance at higher temperatures can be attributed to the gradual conversion of the intermediate hydroxy species into the respective metal oxide which is confirmed by X-ray photoelectron spectroscopy (XPS). Finally, a solution-processed Y x O y based TFT was fabricated employing the precursor Y-DEM-NO 2 1. The device exhibits decent TFT characteristics with a saturation mobility (m sat ) of 2.1 cm 2 V À1 s À1 , a threshold voltage (V th ) of 6.9 V and an on/off current ratio (I on/off ) of 7.6 Â 10 5 .
Introduction
High-k dielectrics based on metal oxides have gained remarkable attention due to their applicability for a variety of electronic and optoelectronic applications. 1 To date, most of the oxide thin-lm transistors (TFTs) reported are based on the conventional dielectric SiO 2 , which may exhibit a higher leakage current and hence require higher operational voltages to enhance the electronic properties of the TFTs. 2, 3 Although signicant progress has been achieved in terms of oxide semiconductors, investigations concerning the application of novel oxide dielectrics are still helpful to improve the current situation. Currently, various binary metal oxides like TiO 2 , 4 Ta 2 O 5 , 5 HfO 2 , 6 ZrO 2 , 4,7-9 Al 2 O 3 4,10-13 and Y 2 O 3 4,14-18 have already shown promising results and with respect to their electronic performance, they are in the realm that they potentially can replace SiO 2 as gate dielectric in TFT devices.
However, these high-k materials are mostly deposited by expensive vacuum-based processes and create challenges in processing in order to further extend their application towards large-area applications. 19 Hence, a signicant amount of research has been dedicated to the solution processing of amorphous metal oxides due to the possibility of cost-efficient, large-area deposition as well as the use of printing techniques to deposit these building blocks for electronic applications. 2, 19, 20 Among the various high-k dielectrics, solution-processed amorphous aluminium oxide, Al 2 O 3 , has already demonstrated its potential as excellent choice for the use as gate dielectric in TFTs. 4, 21 Thereby, its impressive dielectric performance can be related to a minor accumulation of charge carriers within the bulk dielectric and a small trap density at the semiconductor/ dielectric interface. 4 Recently, amorphous aluminium oxide thin lms with very good dielectric properties are also accessible by a molecular single-source precursor approach reported by our group. 22 We have devised a route to Al x O y dielectric, its synthesis and structural elucidation by employing the molecular coordination compound tris[(diethyl-2-nitromalonato)] aluminium(III) (Al-DEM-NO 2 ).
Yttrium oxide, Y 2 O 3 , is yet another promising high-k material due to a combination of favourable individual electrical properties like a wide bandgap (5.8 eV), a high refractive index (1.9-2.0), a high dielectric constant (14) (15) (16) (17) (18) , a low dissipation factor (<0.005) and nally a high breakdown voltage (>3 MV cm À1 ). 23 Furthermore, Y 2 O 3 has the ability to interact intimately with the oxide semiconductor by forming a chemical surface bond leading to an improved interaction and formation of an intimate dielectricsemiconductor interface. As a result, low electron trap densities and thus low leakage currents can be realized. 24 Despite such advantages, only a few studies have investigated the potential towards its application in TFT technology. Adamopolous et al. executed a direct comparison between solution-processed Al 2 O 3 and Y 2 O 3 dielectrics, using aluminium acetylacetonate and yttrium acetylacetonate hydrate as precursors. Al 2 O 3 and Y 2 O 3 dielectric thin lms were deposited by spray pyrolysis and subsequent calcined at 400 C in air. As a result, electrical measurements performed in vacuum (10 À5 mbar) revealed a signicantly higher capacitance for the Y 2 O 3 based dielectrics. 18 Liu et al. demonstrated the fabrication of Y 2 O 3 dielectrics via an aqueous route, using yttrium nitrate hydrate as the precursor and deionized water as solvent. The thin lms were deposited by means of spin-coating and subsequent calcination at 300 C. The generated Y 2 O 3 dielectric exhibited very low leakage current (10 À9 A cm À2 at 1 MV cm À1 ) and a dielectric constant of 14.8 15 .
In general, the majority of the studies use conventional metal salts like nitrates 14, 15, 17, [25] [26] [27] or chlorides 10, 12, 13, 28 as precursors, which possess some drawbacks like the additional requirement for additives or stabilizers, which exert an uncertainty on the lm formation and thus the electrical properties of the nal device. In the case of metal chlorides, acidic byproducts like HCl or Cl À -ion trace impurity present in the nal ceramic can deteriorate the overall device performance. [29] [30] [31] A meaningful strategy to circumvent such disadvantages is the use of molecular precursors, which typically start to decompose at moderate temperatures of about 200 C. As a drawback, organic residues from the ligand framework remain in the dielectric thin lms at low annealing temperatures. The complete decomposition of the ligand framework usually requires temperatures up to 500 C. A common approach dealing with that issue uses the systematic introduction of reactive nitro or nitroso functionalities into the ligand framework, enhancing the exothermic nature of the decomposition of the precursor. 32, 33 Herein we have chosen diethyl-2nitromalonate as ligand in the yttrium oxide single-source precursor molecule. A common approach used is "combustion synthesis", which is based on a "fuel/oxidizer" reaction and enables a complete conversion of the precursor at much lower temperatures which are typically employed in decomposition reactions. Oen, urea or acetylacetone serve as "fuel" and metal nitrates as "oxidizer". Initiated by the thermal decomposition, redox reactions between the nitrate anion and the urea molecules occur, enhancing the conversion into the metal oxide and leading to various nitrogen compounds as by-products. Concerning solution-processed dielectrics this approach already showed good applicability. However, the detailed decomposition mechanism of the combustion synthesis has not been claried in full so far. Besides that, aqueous solutions of metal nitrates and urea as additive usually require ageing of the solution over a more extended period of time to initiate the combustion effect. In order to gain more control and reproducibility in the combustion process, we have chosen a new approach combining the "oxidizer" (nitrate ions) and the "fuel" (urea ligands) in one dened coordination compound pre-dened in one molecule. This facilitates systematic studies of the respective metal oxide formation in a more accurate manner.
In this work we demonstrate the synthesis and structural elucidation of bis(diethyl-2-nitromalonato) nitrato yttrium(III) 1 as well as urea nitrate coordination compounds of yttrium(III) 2 and aluminium(III) 3 and their applicability as molecular singlesource precursor for the formation of dielectric thin lms of yttrium oxide and aluminium oxide, respectively. The molecular structures of the new oxide precursor compounds 2 and 3 were identied by single-crystal X-ray diffraction and spectroscopic techniques (IR, 1 H-, 13 C-, DEPT-and 27 Al-NMR). The oxide dielectric thin lms were obtained by spin-coating of the respective molecular precursor, using either 2-methoxyethanol as solvent in the case of 1 and water for 2 and 3. Subsequent calcination at moderate temperatures between 250 and 350 C of these precursor molecules occur without requirement of any additive and yields dielectric thin lms with excellent electrical performances. Precursor 1, 2 and 3 are thus capable for the solution processing of aluminium and yttrium oxide and their subsequent use as gate dielectrics in TFTs.
Experimental section

Synthesis and characterization
Synthesis and characterization of bis(diethyl-2-nitromalonato) nitrato yttrium(III) (Y DEM-NO 2 ) 1. 1.825 g (5 mmol) yttrium nitrate pentahydrate was dissolved in 50 mL ethanol. 3.330 g (15 mmol) ammonium 2-nitro-diethyl malonate were added under stirring to the clear solution. Thereby a yellow colouring of the solution as well as a white precipitate was observable. The solution was stirred for 18 hours. Aer the ltration, the yellow solution was concentrated by rotary evaporation leaving a yellow oil. The oil was dissolved in 20 mL dichloromethane (DCM) and ltered through a 0.2 mm polytetrauoroethylene (PTFE) syringe lter. Finally, 200 mL of n-pentane was added to the clear yellow solution forming a solid yellow product. The yellow product was nally dried under vacuum <10 À4 bar giving 2.2 g (62.67%). Oxide formation from precursor molecules 1, 2 and 3 and capacitor device fabrication therefrom. The precursor solution of 1, 2 or 3 were prepared by dissolving 20 wt% of Y-DEM-NO 2 1 in 2-methoxyethanol and 20 wt% of Y-UN 2 and Al-UN 3 in deionized water, followed by subsequent sonication for 20 minutes and ltering the solution through a 0.2 mm poly-tetrauoroethylene (PTFE) syringe lter for 1 and 3. In the case of precursor 2, the solution was vigorously stirred for 2 hours at 60 C, prior to ltration. ITO-coated glass substrates (140 nm, OLED-grade) were used for the fabrication of the capacitors. At rst, the substrates were cleaned in deionized water, acetone and isopropanol, for 10 minutes each using an ultrasonic bath. In order to enable the electrical contact with the ITO layer, a 100 nm gold layer was sputter-deposited using a shadow mask. Prior to spin-coating, the substrates were exposed to an air-plasma for two minutes to enhance the hydrophilicity of the substrate. Subsequently the clear precursor solutions were spincoated on the substrate and annealed at different temperatures (200-350 C). The spin-coating parameters were (20 s; 3000 rpm) for 1 and (20 s; 4000 rpm) for 2 and 3, respectively. This procedure was repeated three times for all precursors. The thickness of the layers of 156-286 nm for 1, 82-87 nm for 2 and 59-74 nm for 3 was determined by spectroscopic ellipsometry. Gold top electrodes (50 nm) were sputtered on the Y x O y lms with the help of another shadow mask. In the case of the Al x O y based capacitors a 50 nm gold layer, as well as a 10 nm interlayer titanium, served as top electrodes. Y x O y thin lms, using Y-DEM-NO 2 as precursor, were annealed at 200, 250, 300 and 350 C and are abbreviated as Y 
Thin-lm transistor fabrication
For the fabrication of the TFT device an indium zinc oxide (IZO) semiconductor was introduced by employing established oximato precursor compounds, previously reported by our group. 22, [34] [35] [36] Solutions of the respective indium and zinc precursors were prepared by dissolving 1 wt% in 2-methoxyethanol (ratio In : Zn, 6 : 4), spin-coated at 2500 rpm for 20 seconds onto the Y x O y -(1)-350 dielectric and subsequently annealed at 350 C. Performing of three iterations of the coating procedure results in a lm thickness of $12 nm.
Finally, gold source-drain electrodes (W/L ¼ 2 mm/100 mm) were sputter deposited onto the IZO semiconductor, using a shadow mask (2 rectangular areas of 2 mm Â 1 mm, separated by a distance of 150 mm).
Materials characterization
NMR-spectroscopy was carried out at 500 MHz using a DRX500 spectrometer (Bruker BioSpin GmbH). IR-spectroscopy was carried out on a Nicolet 6700 (Thermo Fisher Scientic). The samples were measured in attenuated total reection (ATR) without additional preparation. Thermogravimetric analysis (TGA) coupled with mass spectrometry (MS) and infrared (IR) spectroscopy was performed using TG 209N1 (Netzsch) coupled with Aelos QMS 403C (Netzsch) and a Nicolet iS10 spectrometer (Thermo Fisher Scientic). The samples were measured in an oxygen-atmosphere with a heating rate of 2.5 or 5 K min À1 , in the range of 50-800 C, in a corundum crucible. Differential scanning calorimetry (DSC) was performed with STA 449 F3 Jupiter (Netzsch). X-ray diffraction (XRD) measurements were carried out using a MiniFlex 600 (Rigaku), using Cu-Ka-radiation (600 W) in Bragg-Brentano geometry. Transmission electron microscopy (TEM) was carried out with an operating voltage of 200 kV, using a Tecnai F20 (FEI) system. The samples were prepared on lacey carbon-coated copper grids. Spectroscopic ellipsometry was carried out using a Woolham M-2000 V spectrometer (spectral range 370-1690 cm À1 ) using the com-pleteEASE soware (version 6.29). Atomic force microscopy (AFM) was performed using MFP-3D (Asylum Research) equipped with silicon cantilevers. X-ray photoelectron spectroscopy (XPS) measurements were performed on a K-Alpha(+) XPS system (Thermo Fisher Scientic, East Grinstead, UK). The monochromated Al Ka X-ray source was used at a spot size of 400 mm. All spectra are referenced to the C 1s peak of hydrocarbons at 285.0 eV.
Electrical characterization
Impedance measurements were performed in a glovebox under inert conditions, using a ModuLab MTS System (Solartron Analytical Ltd) equipped with a probe station (Cascade Microtech, Inc). Impedance measurements were operated in the frequency range of 10 Hz to 100 kHz with amplitudes of 500 mA. The measurements of the breakdown voltage were carried out on a B1500A semiconductor device analyzer (Agilent).
TFT transfer and output characteristics were determined using a HP 4155A semiconductor parameter analyzer (Agilent) in a glove box under inert conditions.
Results and discussion
Synthesis of precursor molecules and materials characterization
The coordination compounds [Y(urea) 4 3 3 were synthesized by the reaction of the respective metal nitrate hydrates with stoichiometric amounts of urea, using n-butanol for 2 and ethanol for 3 as solvent ( Fig. 1 ). Compound 2 crystallizes in the space group P 1 (Fig. 2 ) and 3 crystallizes in the space group P2 1 /n. In both cases the neutrally charged urea molecules act as monodentate ligands and coordinate to the central metal atom by its oxygen atom in accord with Pearson's hard/so acid base concept. For compound 2 the central metal is coordinated by four urea and two nitrate molecules, whereby the nitrate molecules act as bidentate ligands and coordinate to the yttrium centre by two oxygen atoms, leading to a double capped trigonal prism with coordination number eight for Y 3+ . Although crystal quality of 3 so far precluded a satisfactory crystal structure renement, a preliminary renement allows to determine the connectivity giving an octahedral coordination ( Fig. S1 ESI †) . Additionally, the octahedral coordination environment of the aluminium centre in 3 is conrmed by 27 Al-NMR spectroscopy (Fig. S10 †) giving a singlet peak at À9.6 ppm which is attributed to the octahedral coordination of the aluminium centre. The compound hexakis(urea) aluminium(III)-chloride, exhibits a comparable coordination environment to precursor 3 displaying a singlet peak at À7.6 ppm in the 27 Al-NMR spectrum. 37 Although synthesis of the aluminium compound 3 has been reported, 37,38 its versatility with respect to an application was not demonstrated so far. Hexakis(urea) nitrate compounds with trivalent metal cations are also known for iron, 38 indium and gallium, 39 the latter two have been reported by our group, recently. [Metal(urea) 4 (NO 3 ) 2 ][NO 3 ] compounds as in the case of 2 are not known so far. A comparable compound exhibits three monodentate tetramethylurea ligands and three bidentate nitrate anions. Thereby the coordination polyhedron is a tricapped trigonal prism with coordination number nine for the yttrium central cation. 40 It is noteworthy that the nitrate counter anion is crucial for the strong thermal decomposition of these complexes. This is due to the fuel/oxidizer reaction between the urea molecules and the nitrate species, resulting in an effective conversion of the ligand sphere and the formation of the respective metal oxides at moderate combustion temperatures. The thermal decomposition of 1, 2 and 3 was carried out in an oxygen atmosphere to get an insight in the decomposition by-products of the precursors. The decomposition behavior of the yttrium precursors proceeded as a multi-step decomposition whereby signicant mass loss occurs in the rst step itself. The aluminium precursor proceeds as a one-step decomposition. The residual mass of all the precursors are in good agreement with the expected ceramic yield from the decomposition of the precursors in oxygen 1: CY calc. 20.19%, CY meas. 19.49%; 2: CY calc. 21.92%, CY meas. 22.73% and 3: CY calc. 8.90%, CY meas. 10.10%.
Differential scanning calorimetry (DSC) for 1 shows exothermic peaks at about 170, 235, 400 and 500 C (Fig. 3b ). The DSC for 2 displays a sharp exothermic peak between 100-150 C, followed by less intense peaks between 250-300 C. In the case of 3 the DSC shows a sharp exothermic peak at 225 C, followed by less intense peaks between 250-300 C. Furthermore, the differential scanning calorimetry of precursor 2 and 3 indicate a strong exothermic decomposition, which corresponds to the expected fuel/oxidizer reaction between the urea molecules and the nitrate anions. In order to investigate the gaseous decomposition products a thermogravimetric analysis with in situ mass spectrometry ( Fig. 4 ) and infrared spectroscopy ( Fig. 5 ) detection at the maximum of the Gram-Schmidt signal (120 C for 1, 230 and 340 C for 2 and 210 C for 3) was performed.
Regarding 1 the detected gases could be assigned to water (m/z + 18), carbon monoxide (m/z + 28), nitric oxide (m/z + 30), carbon dioxide (m/z + 44) and nitrogen dioxide or ethanol (m/z + 46). But also larger fragments of the ligand can be found like C 2 H 5 O (m/z + 45), C 3 H 5 O 2 (m/z + 63) and C 3 H 7 O 3 (m/z + 91). The TG/IR at the maximum of the Gram-Schmidt signal conrms the release of carbon dioxide (CO 2 : 2309 and 3356 cm À1 ), as well as fragments containing alkyl groups (n CH 2987 and 2939 cm À1 ), and carbonyl groups (n C]O 1756 cm À1 ).
Concerning precursors 2 and 3, the detected gaseous decomposition by-products are identical. Thereby, the releasing gases during the combustion synthesis could be assigned to ammonia (m/z + 17), water (m/z + 18), carbon monoxide (m/z + 28), nitric oxide (m/z + 30), isocyanic acid (m/z + 43), carbon dioxide (m/z + 44) and nitrogen dioxide (m/z + 46).
The corresponding IR signals detected at the maximum of the Gram-Schmidt signal clearly conrm for both precursors the evolution of ammonia (NH 3 : 965 cm À1 ), isocyanic acid (HNCO: 2239 cm À1 ), carbon dioxide (CO 2 : 2310 and 2359 cm À1 ) and nitric acid (HNO 3 : 1629 and 1305 cm À1 ), which were detected at various decomposition stages in the temperature range between 200 C and 350 C. Nevertheless, a detailed mechanism for the thermal decomposition of the urea nitrate precursors remains challenging and is not claried so far. X-ray analysis of the solution-processed decomposition products of 1, 2 and 3 obtained at 200, 250, 300 and 350 C (Fig. 6a, b and c) reveals a stepwise formation of the respective metal oxides. Thermal decomposition of 1 in the temperature range between 200-300 C yields amorphous decomposition products, exhibiting rst crystalline reexes at 350 C. Aer further annealing to 500 C the material starts to crystallize, forming cubic Y 2 O 3 in the space group Ia 3 ( Fig. S12a ESI †) . In case of 2 the thermal transformation already exhibits crystalline reexes at 250 C, nally forming cubic Y 2 O 3 in the space group Fig. 6f ). However, at an annealing temperature of 600 C the Al x O y material starts to crystallize forming a-Al 2 O 3 (Fig. S12c ESI †) . The relatively low temperature of 600 C for the formation of a-Al 2 O 3 , might be due to the strong exothermic fuel/oxidizer reaction between the urea molecules and the nitrate species during the decomposition of the precursor, resulting in local hot spots with higher temperatures.
The IR spectrum of the decomposition products of Y-DEM-NO 2 1 and Y-UN 2 is shown in Fig. 7a and b . The sharp IR absorption bands in the range of 2900-3100 cm À1 are attributable to Y-O-vibrations of yttrium oxide. The characteristic broad absorption bands at about 3400 cm À1 are associated with the hydroxyl groups attributable to Y(OH) 3 as well as to adsorbed water molecules which exhibit a deformation vibration mode at about 1590 cm À1 . 41 The absorption bands at about 1400 cm À1 probably originate due to the presence of carbon-based adsorbents like C-H, C]C, C]O and possibly CO 3
À2
-species due to the Lewis acidity of Y 2 O 3 . 42 In the case of the samples Y
-300 no other absorption bands are present, which could be attributed to organic residues.
At temperatures below 300 C the samples exhibit some absorption bands from residual ligand fragments. Regarding precursor 2, the Y x O y -(2)-200 sample exhibits NH stretching modes in the range of 3100-3500 cm À1 , which originate from the amine groups of the urea ligands. For the Y x O y -(2)-250 sample, these vibrational bands are not visible any longer.
Regarding the initial decomposition process of precursor 1, absorption bands in the range of 1300-1700 cm À1 vanish at rst. These bands are attributable to NO 2 stretching vibrations. For 1 absorption bands at about 3000 cm À1 are additionally expected for low annealing temperatures like 200 or 250 C, which are attributed to n-CH 2 and n-CH 3 stretching modes originating from the ethyl framework of the 2-nitro-diethyl malonate ligand. 22 Unfortunately, the Y-O-vibrations of yttrium oxide are located in the same range, resulting in overlaps of the vibrational bands. At an annealing temperature of 500 C for precursor 1 and 600 C in the case of precursor 2, the hydroxide is fully converted into yttrium oxide, showing no remaining signals of any organic constituents. Fig. 7c shows the IR spectrum of the decomposition products of Al-UN 3. In the range of 3100-3400 cm À1 are characteristic broad absorption bands present, originating from hydroxyl groups attributable to Al(OH) 3 , as well as to adsorbed water molecules exhibiting a deformation vibration mode at about 1590 cm À1 . 41 Due to the Lewis acidity of Al 2 O 3 the absorption bands at about 1400 cm À1 can also be assigned to the presence of carbon-based adsorbents like C-H, C]C, C]O and possibly CO 3 À2 -species, similar as observed for the yttrium precursors 1 
XPS surface chemical analysis
Thin lms obtained by thermal transformation of 1, 2 and 3 into the respective oxides Y x O y and Al x O y at temperatures of 200, 250, 300 and 350 C were studied using X-ray photoelectron spectroscopy (XPS, Fig. 8a, 9a and 10a) .
The O 1s core spectra of 1 (Fig. 8a) can be deconvoluted in three peaks with binding energies at 529.5, 532.0 and 534.3 eV. The peak at 529.5 eV corresponds to surface O 2À species coordinated to Y 3+ . [43] [44] [45] [46] Due to the fact that hydroxyl and carbonate species appear in the same range of binding energies 47 the peak at 532.0 eV can be attributed to both, OH À (ref. 44, 45) as well as CO 3 2À species. The presence of such CO 3 2À species coordinated to Y 3+ is further supported by a characteristic peak at a binding energy of 290.3 eV in the C 1s core spectra 45 (Fig. S14a, ESI †) . The very weak and only minor signal at 534.3 eV can be attributed to chemisorbed OH groups. 48 Interestingly, for lower annealing temperatures of 200 and 250 C minor amounts of NO 3 À species are also detectable and indicated by a peak at 407.4 eV in the N 1s core spectra 49,50 (Fig. S14b, ESI †) . The presence of such NO 3 À species at these low annealing temperatures is in accord with a beginning thermal transformation process of precursor bis(diethyl-2nitromalonato)nitrato yttrium(III) Y-DEM-NO 2 1 into Y x O y . At an annealing temperature of 200 C, O 2À coordinated metaloxygen species are detected. However hydroxyl and carbonate species present the main species at that low temperature. Signicant conversion into the nal oxide starts in the temperature range between 250 and 300 C. Consequently, the intensity of the Y-OH and Y-CO 3 fragments observed at 532.0 eV becomes smaller with increasing annealing temperature. In contrast, the peak associated with the Y-O species at 529.5 eV subsequently increases with increasing temperature (Fig. 8a) , indicating a progressing transformation of the precursor molecule 1 and its conversion into the yttrium oxide framework. This nding corresponds nicely with the observation from the thermogravimetric analysis, whereby a signicant mass loss occurs in the rst decomposition step of precursor 1, ending at a temperature between 250 and 300 C when the transformation to the oxide has already progressed signicantly (Fig. 3a) .
For the molecular yttrium oxide precursor Y-UN 2, the O 1s core spectra (Fig. 9a) as well as the spectra aer 120 s of surface sputtering (Fig. 9b ) have been recorded. In both cases, the O 1s core spectra were tted according to three individual signals at binding energies of 529.0, 531.2 and 532.9 eV. The peak at 529.0 eV is in accord with O 2À species and the peak at 532.0 eV can be attributed to OH À as well to CO 3 2À species both not discernable individually due to the narrow energy overlap of the two signals. 47 Furthermore, it becomes evident that the Y-O/(Y-OH, Y-CO 3 ) ratio is higher within the bulk of the material compared to its topmost surface composition ( Fig. 9c-d) . The peak at a binding energy of 532.9 eV can be attributed to NO 3 À species, 50 originating from the remaining precursor. The presence of such NO 3 À species on the surface as well as in the bulk material is further supported by an additional peak at a binding energy of 407.3 eV in the N 1s core spectra, 49 which is observed for all annealing temperatures studied (200-350 C) ( Fig. S16a  and b, ESI †) . The concentration of the NO 3 À species is higher on the surface than within the bulk material. Furthermore, the amount of NO 3 À species, evidenced in N 1s as well as in O 1s, is decreasing for both contributions, surface and subsurface when the annealing temperature increases which is in accord with the progressing conversion from 2 into the yttrium oxide framework. At low annealing temperatures of 200 and 250 C, when the decomposition is still incomplete, signicant concentrations of up to 7.0 at% of NO 3 À species are detectable. Furthermore, the respective Y x O y -(2)-200 sample exhibits NH stretching modes in the range of 3100-3500 cm À1 (Fig. 7b) , originating from the still present residual amine groups of the urea ligands. This corroborates with the presence of a peak at 399.2 eV characteristic of nitrogen in amine groups ( Fig. S16a and b , ESI †). This fact also supports a still incomplete transformation process of the ionic precursor 2 at that low annealing temperature. Such ionic residues in the developing oxide lm can act as preferential parasitic pathways for the electrical current in an oxide dielectric. As a result, capacitor devices processed from materials derived from precursor 2 at such signicant low temperatures of 200 and 250 C exhibit electrical short-circuiting under voltage impact. At temperatures above 250 C exothermic signals in the DSC analysis of 2, however prove the further ongoing extrusion of such ligand species during ongoing lm formation in the thermal processing ( Fig. 3c ). At annealing temperatures of 300 and 350 C, the nitrate concentration within the material is thus consequently reduced to 2.4 and 1.5 at%, respectively. This already results in a polycrystalline yttrium oxide based capacitor device which start to perform under these conditions (see upcoming section). Besides, it is remarkable that the generation of even thicker polycrystalline yttrium oxide dielectric lms generated from precursor 2 at temperatures of 300 C or above can further reduce the electrical short-circuiting in such metal oxide capacitor devices. This can be explained by a smaller statistical probability in generating parasitic electrical pathways from one electrode to the other, mediated by still remaining ionic ligand species in the lm.
For the aluminium oxide precursor, Al-UN 3 the O 1s core spectra contain three peaks, at binding energies of 531.2 eV (M-O), 51,52 532.6 eV (M-OH) 53 and 534.1 eV for all annealing temperatures studied (Fig. 10a) . The broad and again weak minor signal at 534.1 eV can be attributed to chemisorbed OH groups. 48, 54 The peak associated to the M-O functionality again subsequently increases and the peak associated to M-OH correspondingly decreases with increasing annealing temperature ( Fig. 10b ) similar as it is observed for the yttrium oxide precursors 1 and 2. At an annealing temperature of 200 C small amounts of NO 3 À species are present, indicated by a peak at a binding energy of 407.4 eV in the N 1s core spectra. Besides, the IR spectrum of Al x O y -200 exhibits NH stretching modes in the range of 3100-3500 cm À1 (Fig. 7c) , originating from the amine groups of the urea ligands, and in accord with the behaviour of the nitrate-containing yttrium compound 2.
Additionally, these ndings are in agreement with a DSC measurement of 3 displaying a sharp exothermic peak at 225 C (Fig. 3d) The dielectric properties of the solution-processed metal oxide thin lms processed at various temperatures were measured using a metal-insulator-metal (MIM) structure (Fig. 11 ). ITO-coated glass was used for the fabrication of the capacitor devices, serving as a substrate as well as a gate electrode. The capacitance vs. frequency curves in the range of 10 Hz to 100 kHz are displayed in Fig. 12a -c. The use of precursor 1 thermally processed at 200-350 C leads to Y x O y based capacitors, exhibiting areal capacities of 26, 41, 63 and 84 nF cm À2 at 10 kHz for Y x O y -(1)-200, Y x O y -(1)-250, Y x O y -(1)-300 and Y x O y -(1)-350, respectively. The use of precursor 2, at an annealing temperature of 300 and 350 C, results in a capacitance of 111 and 131 nF cm À2 at 10 kHz, respectively. Furthermore, it is noteworthy that the use of the yttrium precursors Y-DEM-NO 2 1 and Y-UN 2 lead to capacitors with almost no frequency dispersion.
Finally, the Al x O y dielectric, obtained by thermal processing from precursor 3, exhibit remarkable high capacities of 184, 216 and 259 nF cm À2 at 10 kHz for Al x O y -250, Al x O y -300 and Al x O y -350 respectively. The observed high capacities C can be attributed to a progressing conversion of 3 into the respective oxidic lms of $ 60 nm thickness (Fig. 10 ) based on the relationship C ¼ (kE 0 A)/D. Additionally, breakdown measurements have been carried out for all three dielectric layers ( Fig. 12d-f ). It is evident that higher annealing temperatures correspond to higher breakdown voltages as well as less current leakage. The samples Y x O y -(1)-250, Y x O y -(1)-300 and Y x O y -(1)-350, generated from 1 show no electrical breakdown throughout the whole measurement range of 40 V. Interestingly, the Y x O y -200 sample exhibit no clear cut electrical breakdown, but a drastic increasing leakage current with increasing voltage. This might be attributed to the fact that almost no yttrium oxide has formed at 200 C, as shown in the XPS measurement (Fig. 8a ). The leakage current at 1 MV cm À1 , using precursor 1 amounts to 5.5 Â 10 À8 , 6.9 Â 10 À10 , 2.1 Â 10 À10 and 3.8 Â 10 À10 A cm À2 for samples annealed at these different temperatures, respectively. Y x O y -(2)-300 and Y x O y -(2)-350 generated from precursor 2 possess an electrical breakdown of 2.4 and 2.9 MV cm À1 and a very low leakage current of 9.2 Â 10 À10 and 8.5 Â 10 À10 A cm À2 at 1 MV cm À1 . The electrical breakdown of the Al x O y dielectrics occur at 1.9, 3.0 and 3.8 MV cm À1 for Al x O y -250, Al x O y -300 and Al x O y -350, respectively. The current leakage at 1 MV cm À1 amounts 9.1 Â 10 À10 , 6.2 Â 10 À10 and 5.0 Â 10 À10 for Al x O y -250, Al x O y -300 and Al x O y -350, respectively. It is remarkable that besides Y x O y -(1)-200, all fabricated capacitors full the criteria of Wager et al. for an ideal dielectric, exhibiting low leakage current of J < 1 Â 10 À8 at 1 MV cm À1 . 55 The control of the atmospheric conditions under which the studies have been performed is crucial for the interpretation of the obtained dielectric properties. In ambient atmosphere, adsorbed water molecules reside on the thin lm surface, contributing to the parasitic resistance and thus resulting in a drastically increased capacitance. At low annealing temperatures there are more detrimental hydroxide groups residing on the surface of the thin lms, which enhance the adsorption of additional water molecules. Consequently, this effect becomes even higher; the lower the chosen annealing temperature under ambient conditions is. As a result, extraordinarily high capacities even for very low annealing temperatures are a clear indicator that such studies have been performed under ambient, atmospheric conditions. Therefore, a direct comparison of studies performed under non-inert and inert atmosphere seems unrealistic. The situation can be even more complicated if conditions of measurement are not explicitly comparable in this regard. An overview of the current state of the art studies is given in Table 1 . It is evident that the yttrium oxide Y x O y dielectric derived from the molecular precursors 1 and 2 show very good electrical performances compared to other yttrium oxide-based dielectrics. Only work by Adamopolous et al. reports higher capacities (133 nF cm À2 ) comparable values to those of Y x O y generated from precursor 2 (131 nF cm À2 ), though using even a slightly higher annealing temperature of 400 C. Concerning the current leakage at 1 MV cm À1 the reported reference works display values which are up to three magnitudes higher compared to the current leakage generated from the herein reported yttrium oxide obtained from our precursor approach using molecules 1 and 2. Indeed, the new capacitors reported herein are to the best of our 
